background: Psychological stress may impair premenopausal ovarian function and contribute to risk for chronic disease. Soy isoflavones may also influence ovarian function and affect health. Here, we report the effects of a psychological stressor (subordinate social status) and dietary soy on reproductive function and related health indices in female monkeys. We hypothesized that reproductive compromise and adverse health outcomes would be induced in subordinate when compared with dominant monkeys and be mitigated by exposure to soy. methods: Subjects were 95 adult cynomolgus monkeys (Macaca fascicularis) housed in social groups of five or six. Animals consumed a soy-free, animal protein-based diet during an 8-month Baseline phase and then, during a 32-month Treatment phase, consumed either the baseline diet or an identical diet that substituted high-isoflavone soy protein for animal protein.
Introduction
Emerging evidence suggests that the chronic and degenerative diseases comprising the major part of the post-menopausal health burden begin developing during the premenopausal decades and progress along a trajectory that depends in part on the quality of premenopausal ovarian function (Kaplan and Manuck, 2004; Speroff, 2007; Kaplan and Manuck, 2008) . Specifically, studies have linked substantial ovarian insufficiency (e.g. premature ovarian failure, ovariectomy, hypothalamic amenorrhea) to bone loss, cognitive impairment, movement disorders, cardiovascular disease and premature death (Sowers et al., 1998; Rocca et al., 2006; Gallagher, 2007; Rocca et al., 2007) . It has been suggested that less severe premenopausal ovarian disruption (e.g. luteal phase deficits, anovulation) might also adversely affect health (Kaplan and Manuck, 2008) . Here, we report the results of an experiment in monkeys designed to assess two factors that could influence ovarian function and perhaps thereby affect the premenopausal risk of chronic disease: (i) exposure to psychological stress, as represented by the occupation of a low position in a hierarchy of social status; and (ii) consumption of a diet high in soy protein and isoflavones. We hypothesized that reproductive function and related outcomes would be adversely affected in subordinate monkeys relative to their dominant counterparts, but that such effects would be at least partially mitigated by chronic exposure to soy and isoflavones.
Epidemiologic evidence in women and experimental data in non-human primates suggest that psychological stress-alone or in interaction with energy deficiency induced by physical activity and/or insufficient caloric intake-can disrupt ovarian function (Drew, 1961; Berga, 1996; Cameron, 1997; Ferin, 1999; Newton and Philhower, 2003; Williams et al., 2007; Kaplan and Manuck, 2008) . In turn, even relatively minor ovarian disruptions have been associated with an increase in the extent of coronary artery disease in women (as documented by angiography) and linked to the precocious acceleration of coronary artery atherosclerosis in subordinate (low status) monkeys (Hanke et al., 1997; Kaplan et al., 2002a; BaireyMerz et al., 2003) . That estrogens may play a role in these phenomena is supported indirectly by the observation that oral contraceptive exposure inhibits atherosclerosis in subordinate monkeys (Kaplan et al., 1995) . Furthermore, although the effects of oral contraceptive use on heart disease are still not known with certainty, reduced calcium content and reduced stenosis in the coronary arteries have been observed in women taking these compounds (Merz et al., 2006; Snell-Bergeon et al., 2008) .
In women, reproductive dysfunction of psychogenic origin is often referred to as functional hypothalamic anovulatory syndrome (FHAS), occurring along a continuum from mild luteal phase deficits to anovulation and amenorrhea (Jones, 1949; Ginsburg, 1992; Berga, 1996) . This syndrome has been related in part to an inability to cope with life's daily challenges and stressful life circumstances in general, and often is associated with generalized neurohormonal dysregulation (Berga and Yen, 2004) . Although inherent psychological traits of individuals may modulate vulnerability to this syndrome, epidemiological research makes clear that the degree of reproductive impairment increases in relation to stress imposed by the environment (Drew, 1961; Berga, 1996) . Importantly, the condition can be ameliorated by treatment with cognitive behavioral therapy or environmental changes that reduce stress, further emphasizing the importance of the psychosocial environment (Reifenstein, 1946; Drew, 1961; Berga et al., 2003) . Nonetheless, ovulatory and related neurohormonal disruptions in women are often difficult to ascribe to a single factor owing to the frequent co-occurrence of metabolic and psychological stressors (Berga, 1996; De Souza et al., 2003; Loucks and Thuma, 2003; Williams et al., 2007) . The situation is less ambiguous in non-human primates, where low social status or other psychosocial stressors have been linked reliably to indicators of reproductive dysfunction (including reduced fertility) in both experimental and natural groupings (Sade et al., 1976; Dittus, 1977 Dittus, , 1980 Adams et al., 1985; Harcourt, 1987; Cameron, 1997; Xiao et al., 2002; Speroff, 2007) . Importantly, it has been observed in non-human primates that-as in womenreproductive impairment reverses following an improvement in psychological circumstances (e.g. if low status animals become high ranking; Shively and Clarkson, 1994; Adams et al., 1985) .
Soy isoflavones are estrogen-like compounds found in soy protein and widely used in dietary supplements (Kurzer, 2002) . Because they bind to estrogen receptors, soy isoflavones could alter endogenous hormonal activity, ovarian hormone profiles, menstrual cyclicity and ultimately health (Miksicek, 1994; Wang et al., 1996) . Regarding health outcomes, Asian populations consuming large amounts of dietary soy protein and isoflavones are also characterized by a reduced incidence of cardiovascular disease, osteoporotic fracture and breast cancer, providing indirect evidence consistent with the hypothesis that soy isoflavones may influence disease processes known to be associated with the estrogen status of tissues (Beaglehole, 1990; Parkin et al., 1992; Ursin et al., 1994; Adlercreutz and Mazur, 1997; Vitolins et al., 2002) . These observations also establish the possibility that soy isoflavones may mitigate or reverse the adverse consequences of psychological stress on ovarian function or risk of disease. However, investigations evaluating the reproductive effects of soy protein or isoflavones in women have had inconsistent outcomes. For example, short-term exposure to soy protein or isoflavones in studies with small numbers of women suggests that soy may reduce the length of the follicular phase and increase follicular estrogen concentrations (Cassidy et al., 1994) , increase the overall length of the menstrual cycle (Jakes et al., 2001) , increase luteal estrogen without altering follicular estrogen (Wu et al., 2000) or reduce estrogen concentrations at mid cycle and in the luteal phase (Lu et al., 1996; Nagata et al., 1997) . In contrast, investigations involving longer exposures of larger numbers of women indicate minimal hormonal effects and no effects on the length of the menstrual cycle or any of its components (Duncan et al., 1998; Maskarinec et al., 2004) . To our knowledge, no studies have systematically evaluated the effect of soy protein and isoflavones on ovarian function in an Old World monkey or ape, which uniquely share with women a menstrual cycle and menopause, and resemble women closely in their ovarian hormone profiles and responses to psychological stress (Zuckerman, 1930; Zuckerman and Parks, 1932; Wilks et al., 1976; Williams and Hodgen, 1982; Knobil, 1988; Kaplan and Manuck, 2004) .
The current study extends prior investigations assessing the effects of social status on indices of reproduction and health (Kaplan et al., 1995; Kaplan et al., 2002a) by providing comprehensive longitudinal evaluations in a large number of socially housed monkeys who were fed diets in which most of their protein was derived from either highisoflavone soy or from a combination of animal sources (casein and lactalbumin-CL). The data thus address key gaps in knowledge regarding the extent to which psychological stress and diet act independently or interactively to affect menstrual cyclicity, ovarian hormone profiles, cortisol responsiveness [an index of hypothalamic -pituitary -adrenocortical (HPA) status], and one potentially estrogen-dependent health measure-degree of osteopenia as indicated by bone mineral content and density. Regardless of outcome, observations derived from an anthropoid primate that resembles women in both reproductive function and susceptibility to cardiovascular disease, osteoporosis and other chronic disorders have considerable potential relevance for understanding the factors affecting women's health across their lifespan.
Materials and Methods

Animals
Subjects were 95 female cynomolgus monkeys (Macaca fascicularis) imported from Indonesia and having no known previous exposure to soy. Prior to shipment, all animals were radiographed and only those individuals exhibiting evidence of complete epiphyseal closure at the distal radius, ulna and the proximal tibia were accepted for use in the study. This stage of development generally occurs by 9 or 10 years of age in cynomolgus monkeys, at which time individuals are approximately equivalent to 27 -30-year-old women (Bachrach, 2001; Kaplan and Manuck, 2004) .
Study design
Following importation, monkeys were placed into 16 social groups of five or six animals each; the groups were approximately equivalent in body weight gradient. The following 8 months comprised the Baseline phase of the study during which all animals consumed a soy and isoflavone-free diet containing 19% of calories from protein, 35% of calories from fat, 46% of calories from carbohydrate and 0.28 mg cholesterol/kcal (reduced to 0.20 mg/kcal in the latter stages of the study). These dietary components were chosen to model those typically consumed by Americans and thought to increase the risk of chronic disease (Craig and Mangels, 2009; Dall et al., 2009) .
At the end of the Baseline phase, social groups of monkeys were assigned for 32 months to one of two treatment conditions using a stratified randomization procedure that matched the conditions for total serum cholesterol and high-density lipoprotein cholesterol responses to the baseline (isoflavone-free) diet. Monkeys in the two treatment conditions were fed diets differing only in the major protein source: (i) SOY, derived from isolated soy protein (SUPRO&, Solae Corporation, St. Louis, MO, USA) and (ii) CL, using casein and lactalbumin (the same diet consumed by all animals during the Baseline phase). Approximately 20% of protein fed to each condition was derived from wheat flour. The SOY diet contained 1.88 mg total isoflavones/g protein, and was fed at a concentration designed to provide the equivalent of a woman's daily consumption of 140 mg aglycone units of isoflavone, assuming a daily intake of 1800 kcal (i.e. 0.0775 mg isoflavone/kcal). Monkeys were fed 120 kcal of diet/kg body weight and, therefore, consumed 9.3 mg isoflavone/ kg body weight. This caloric adjustment of dose accounts for the higher metabolic rate in monkeys compared with human subjects. The SOY and CL diets were formulated to be isocaloric for macronutrients [protein (19% of kcal) , carbohydrate (46%) and fat (35%)], and comparable for cholesterol (0.20 mg/kcal), vitamins and minerals (Walker et al., 2008) .
The study was primarily designed to determine the effect of soy protein and isoflavones on cardiovascular and reproductive health. Findings relating to iliac artery atherosclerosis and inflammation (Walker et al., 2008) , breast proliferation (Stute et al., 2004; Wood et al., 2006) and dietary (not status) effects on bone mineral content (Lees et al., 2002) have already been reported. During the Treatment phase, nine animals died from a variety of causes unrelated to the experimental treatments. All animal manipulations were performed in accordance with State and Federal regulations and with approval of our Institutional Animal Care and Use Committee. Wake Forest University is fully accredited by the American Association for the Accreditation of Laboratory Animal Care.
Isoflavone concentrations
Serum samples were collected on three occasions from each monkey for determination of circulating isoflavone concentrations. These collections occurred at Baseline and 7 and 19 months following initiation of the Treatment phase. Animals were fed in the morning and then sedated 4 h postfeeding for blood collection. Blood was immediately processed, frozen and protected from light until analysis. Serum isoflavones were analyzed by liquid chromatography photo-diode array tandem mass spectrometry using electrospray ionization slightly modified from a previously established method to include equol in the panel of isoflavanoids (genistein, dihydrogenistein, daidzein, dihydrodaidzein, glycitein and O-desmethylangolensin) and isotopically labeled internal standards (Franke et al., 2002; Walker et al., 2008) . Detection limits were previously found to be 1 -15 nmol/l depending on the analyte, and inter-assay coefficients of variation (CV) 8 -22% at levels below 20 nmol/l; 7 -14% at levels 20 -100 nmol/L; and 3 -12% at levels over 100 nmol/l.
Dominance determinations and behavioral observations
The social status of each animal relative to others in her group was based on data collected during weekly, 30-min observations conducted across the Baseline phase. Dominance and subordination were determined by the outcomes of fights, which are highly asymmetric in this species and yield clear winners and losers as judged by specific facial expressions, postures and vocalizations (Sade, 1973; Bernstein, 1981; Kaplan and Manuck, 1998) . The female in each group that defeated all others was designated the first-ranking monkey. The female that defeated all but the first-ranking monkey was designated second-ranking monkey, and so forth. Ranks tend to be stable under the experimental conditions described (Kaplan et al., 1995) . In the current investigation, ranks over the Baseline period first were averaged to yield numbers from 1.0 to 6.0 (for groups containing six individuals). For purposes of analysis, these rankings were then divided into tertiles of social status. A similar approach to status identification and statistical analysis has been used extensively in prior studies (Kaplan et al., 1995 (Kaplan et al., , 2002a Kaplan and Manuck, 2004) .
In addition to rank determinations, the social behavior of all animals was observed across an 8-week period beginning 19 months after initiation of the Treatment phase. Behavioral observations consisted of three, 30-min periods per week during which all episodes of affiliative (groom, play, being groomed, passive body contact, sitting close), agonistic (attack, flee) and non-social (sitting alone) behavior were recorded on an electronic tablet (Noldus& Observer 3.0). Discrete behavioral acts (for example, bites, grabs or other forms of aggression; grimaces, cowers or other forms of submission) were counted electronically to provide frequencies of interaction. The duration of each episode was measured by noting the start and end of behavioral states [for example, grooming, being groomed and sitting close (within touching distance), in contact, or alone (not within touching distance)]. Frequency data were converted to a rate per hour per individual while the duration data were converted to a percentage of total time spent by individuals in each behavioral state.
Menstrual cyclicity
Animals were trained to move from their social pens into a holding cage for daily vaginal swabbing, a process that generally took ,45 min for the entire cohort. Beginning in the Baseline phase and continuing for 6 months, all monkeys were swabbed 7 days per week and all instances of vaginal bleeding were recorded. Seven months after the start of the Treatment phase, animals were again subjected to daily vaginal swabbing, this time for 10 months. More than 1200 menstrual cycles could be assessed for length and variability ( 400 during Baseline and 800 during Social status, soy and ovarian function Treatment). Investigators blinded to treatment independently graded each monkey's history of vaginal bleeding to determine the beginning and end of every cycle. The onset of menses each month was assigned as cycle Day 1. No arbitrary limit was set on cycle length except that inter-menstrual periods of ,20 days were not considered as cycles. Also, the final cycle from each sample period was discarded to reduce bias associated with the arbitrary termination of sampling on the same day for all individuals. From these data we derived the average and maximum cycle length and cycle variability (the SD in cycle length) for each animal in the Baseline and Treatment phases. Preliminary analysis indicated that amenorrhea was virtually non-existent in this population.
Ovarian hormone profiles
Using the techniques that were applied for vaginal swabbing, monkeys were subjected to blood sampling in order to assess progesterone concentrations, three times per week (Mondays, Wednesdays and Fridays) without anesthesia during both the Baseline and Treatment phases. The extensive amount of training required for awake bleeding along with the substantial number of clinical assessments conducted during the Baseline phase precluded collection of ovarian profiles for the complete cohort at this time. However, just prior to the end of the Baseline phase a subset of 55 animals was sampled three times per week for 10 weeks. Then, beginning 9 months after the start of the Treatment phase, all monkeys were subjected to blood sampling three times per week for 16 weeks. Finally, beginning in Month 14 of the Treatment phase, every animal was sampled for both 17b estradiol (E 2 ) and progesterone across a single cycle on Days 5, 14 and 22 (determined by the first day of bleeding for that cycle in that monkey).
Samples were frozen at 2708C. All hormone assays were performed at the Yerkes Biomarker Core Laboratory (Atlanta, GA, USA). Progesterone was measured using a modification of a previously described assay that employs a commercially available kit from DPC (Siemens/DPC; Los Angeles CA, USA; Wilson, 1998) . Samples (125 ml) were extracted with 2.5 ml of anesthesia grade ether and the organic layer evaporated to dryness under a stream of N 2 . The sample was reconstituted in 125 ml of the assay buffer and replicates (50 ml) were assayed following the kit protocol. The assay has a sensitivity of 0.10 ng/ml with inter-and intra-assay CVs of 8.14 and 7.73%, respectively. Sample values of progesterone were corrected for extraction efficiencies, which exceeded 95%. E 2 was assayed using a modification of a previously validated assay (Siemens/DPC; Los Angeles CA, USA; Pazol et al., 2004) . The assay has a sensitivity of 5 pg/ml and intra-and inter-assay CVs of 4.9 and 9.3%, respectively.
The two highest progesterone concentrations from the luteal phase of each cycle were identified and averaged; values for each cycle were then averaged across the entire sampling period ( 10 weeks during Baseline and 16 weeks during Treatment) to provide a mean progesterone value for each monkey. The highest progesterone concentration observed across each sampling period was taken as that animal's peak progesterone value. Although representing a truncated sample number, the Baseline subset was included in the overall hormonal analysis for two reasons: (i) to identify any baseline hormonal differences between animals later assigned to the SOY and CL conditions; and (ii) to determine whether social status influenced ovarian hormones during the Baseline phase and if any such differences persisted across time.
Cortisol response following dexamethasone suppression
Elevations in serum cortisol are commonly observed as a concomitant of subordinate social status in macaques and baboons (Kaplan et al., 1986; Abbott et al., 2003) and represent part of the general hormonal dysregulation that comprises FHAS (Berga and Yen, 2004) . To evaluate the relationships among social status, soy treatment and cortisol, we exposed all animals to a dexamethasone suppression test near the end of the Treatment phase (15 months after the hormonal and menstrual cyclicity samples). Monkeys were captured at 22:00 h and a 3 ml blood sample was taken without anesthesia. The order of treatment was counterbalanced. Specifically, half of the animals were given an i.m. injection of dexamethasone (0.25 mg/kg) whereas the remainder were injected with a similar quantity of saline. The following day, 3 ml blood samples were collected at 08:00 and 12:00 h, again without use of anesthesia. Two weeks later the procedure was repeated, with the treatments reversed. All samples were centrifuged to separate the serum, which was then frozen at 2208C. After completion of all tests, frozen sera were sent in a single batch to the Yerkes Biomarker Laboratory. Serum levels of cortisol were determined by radioimmunoassay with a commercially available kit (Beckman-Coulter/DSL, Webster, TX, USA) previously described for rhesus monkeys (Wilson et al., 2005) . Using 25 ml, the assay has a range from 0.5 to 60 mg/dl with inter-and intra-assay CVs of 4.9 and 8.7%, respectively.
Bone mineral content, body weight and BMI
Whole body bone mineral content (WBBMC) (g) and spinal bone mineral density (BMD) (g/cm 2 ) were used as an index of general bone health. Measurements were made at baseline ( 6 months prior to starting the experimental diet), and 13 and 31 months after start of diet using a Norland (XR-46, software package 3.9.6b) dual X-ray absorptiometry (DXA) machine. The monkeys were sedated with ketamine (10 mg/kg) and then given isoflurane. Measurements were made of the whole body using techniques described previously (Jayo et al., 1991; Lees et al., 2002) . The CVs were 1.7 and 2.4% for WBBMC and spinal BMD, respectively. The body weights reported here were taken at the same time that animals were sedated for the DXA studies (scale Model #815, Chatillon, Largo, FL, USA). Body length (defined as the distance between the suprasternal notch and pubic symphysis) in these skeletally mature animals was measured on a single occasion during the Baseline phase. For purposes of analysis, we calculated the BMI as the body weight (kg)/body length (m 2 ). Although we previously reported that soy protein and isoflavones did not influence bone mineral content (Lees et al., 2002) , the current study is the first to consider the interaction between bone indices and social status in relation to diet.
Statistical analyses
This study was a randomized trial that considered not only experimental treatment (diet) and a behavioral outcome (social status), but also accounted for the housing of the animals in 16 distinct social groups. Hence, data from monkeys within the same social group were expected to be correlated (either positively or negatively) with each other. A mixed effect modeling approach was used to account for these intraclass correlations and the correlation between repeated measures for each monkey in the assessment of the main study outcomes (menstrual cyclicity, mean and peak luteal progesterone). Mixed models are also flexible when handling missing data, which allow the use of mean and peak luteal progesterone from both the Baseline and the Treatment phases. The models included the main effect of diet, phase (Baseline or Treatment) and dominance status as well as all the two-way interaction terms. Additionally, we evaluated the effect of body weight and BMI as a covariate on the hormone profiles. Neither body weight nor BMI was significant in the models and both were therefore excluded in further analyses based on parsimonious principles. The diet-by-phase interaction evaluates whether the pattern of change over time in the outcome differs by dietary group, and was therefore retained in the model regardless of statistical significance. No diet-by-status interaction was found and this term was removed from subsequent data analyses. When the status-by-phase interaction was not significant, the least squares mean for each rank averaged over time for indices of menstrual cyclicity and ovarian hormone profiles was reported. Similar formulation of mixed models was also used for E 2 and progesterone concentrations observed during the Treatment phase across a single cycle at Days 5, 14 and 22 and for BMD outcomes (WBBMC and spinal BMD) measured at baseline, 13 months and 31 months after the start of dietary treatment. The effects of diet treatment and dominance status were examined longitudinally with and without adjustment for the corresponding body weight or BMI at each time point.
Social behavior was an ancillary measure collected in the Treatment phase. Most social behaviors were highly skewed, with 15 -20% of the data clustered around 0. We first used a rank-based semi-parametric approach to analyze the effect of diet, dominance status and their interaction (Conover and Iman, 1981) . The main effect of diet and the diet-by-status interactions were not statistically significant. Thus, the medians for the tertile ranks and the associated P-values from KruskalWallis tests were presented.
The dexamethasone suppression test was performed as a crossover experiment. We used a linear mixed effects model to determine whether the cortisol response differed in animals challenged by saline first from those challenged by dexamethasone first (period effect). Because the period effect was not significant, we pooled the data from both periods and stratified our analyses by exposure to saline or dexamethasone. For each stratified analysis, a mixed model was fit to assess the main effect of diet, dominance status and their interactions with time (20:00, 08:00 and 12:00 h). All analyses were performed using SAS 9.2 (SAS Institute, Cary, NC, USA). P-values of ,0.05 were considered statistically significant.
Throughout the Results and Discussion section, 'CL' designates females that consumed the casein and lactalbumin-based diet during the Treatment phase while 'SOY' designates females that consumed the soy protein and isoflavone-based diet during the Treatment phase.
Results
Confirmatory measures: serum isoflavones, status-associated social behavior, body weight and BMI As expected, isoflavones were present only in trace amounts during the Baseline phase (9.75 + 7.66 nmol/l in CL versus 3.58 + 1.30 nmol/l in SOY, NS). Consumption of the SOY diet resulted in high concentrations of total isoflavones across the study while trace amounts were again measured in animals assigned to the CL condition (21.97 + 6.64 nmol/l in CL versus 798.12 + 62.21 nmol/l in SOY, P , 0.0001). Values for the CL condition fall at or near the levels of detection. Table I details the social behavior of animals by tertile of rank. As expected, status was associated with clear behavioral distinctions, with dominant monkeys displaying more aggression and less submission than subordinates and also spending a greater percentage of time being groomed. Diet had no significant effect on any aspect of social behavior (data not shown), nor were there any significant diet-by-status interactions. Social status, soy and ovarian function Table III contains the menstrual cycle data arranged by experimental phase (Baseline, Treatment) and diet (SOY, CL). It can be seen from this table that diet had no significant effect on any of the measured cycle characteristics. Cycles did become significantly less variable in the Treatment phase compared with Baseline, an effect that was independent of dietary treatment. In contrast to the absence of significant effects related to dietary treatment, Fig. 1 shows that Status (by tertile) significantly affected average cycle length, maximum cycle length and variability in the number of days per cycle. Importantly, the effect of status on these three significant outcomes did not fluctuate by phase (all F values of , 1.0, P . 0.05). Hence, dominant monkeys had shorter (closer to 30 days on average) cycles and cycles that were less variable than those of their subordinate counterparts across all animals and in both phases. Table IV contains mean and peak luteal progesterone concentrations by diet and study phase. There were no significant effects of diet (CL, SOY) or the diet-by-phase (Baseline, Treatment) interaction on either measure of progesterone. However, there was an independent effect of phase on both mean and peak progesterone, which increased significantly between the Baseline and Treatment phases. Figure 2 contains the combined Baseline and Treatment phase mean and peak progesterone concentrations, with the estimated values determined by the mixed model procedure that included a subset of animals during Baseline (n ¼ 55) and the complete cohort in the Treatment phase (n ¼ 95). Analysis of the combined data set revealed that there was an overall (phase-independent) effect of status on both mean and peak progesterone, with dominant animals having higher progesterone concentrations than subordinates. However, for both measures, there also was a tendency for the disparities between dominants and subordinates to be more pronounced during the Treatment phase, relative to Baseline (data not shown). A separate analysis conducted only on the Treatment phase data confirmed that the differences between dominant and subordinate monkeys-evaluated across the complete cohort during the Treatment phase only-were significant for both mean (F 2,73 ¼ 4.44, P , 0.02) and peak (F 2,73 ¼ 4.96, P , 0.01) progesterone concentrations. Mixed model analysis revealed no significant effects of dietary treatment on mean or peak luteal phase progesterone concentrations during either study phase (all F's , 1.0, including the Treatment × Phase interaction). However, both mean and peak progesterone increased significantly from the Baseline to the Treatment phase (Mean, F 1,51 ¼ 21.5, P , 0.001; Peak, F 1,51 ¼ 15.9, P , 0.001), effects that were independent of dietary treatment (all F's , 1.0, NS).
Menstrual cyclicity
Ovarian hormones
A similar pattern with respect to both E 2 and progesterone was observed in Treatment phase samples taken from all animals during a single cycle at Days 5, 14 and 22. Specifically, dominant monkeys exhibited higher E 2 concentrations than subordinates across all three sample days, although this difference achieved statistical significance only when the dominant tertile was contrasted with Tertiles 2 and 3 combined (Fig. 3) . Figure 3 also shows that monkeys in the dominant tertile had higher E 2 than their subordinate counterparts when the comparison is limited to the early follicular phase (Day 5). Finally, the luteal phase (Day 22) progesterone concentrations of the dominant animals were higher than those of subordinates, matching the tertile pattern observed in the more extended sample collections (F 1,174 ¼ 5.57, P ¼ 0.02).
Serum cortisol response to dexamethasone and saline
Order of treatment (saline first, dexamethasone first) had no significant effect on the outcomes, so we report here the combined responses to saline and the combined responses to dexamethasone. Table V depicts the cortisol concentration results by diet (CL, SOY) at the three time points, beginning the prior night and ending the next day (22:00, 08:00 and 12:00 h). The data demonstrate that dietary treatment had no significant effect on any outcome.
Using the same tertiles that were used for all other analyses, there was a significant Time-by-Status interaction at the 12:00 h time point for cortisol concentrations following dexamethasone infusion; this result indicated a more rapid escape from suppression in subordinate, relative to dominant, monkeys (Tertile 1: 3.53 + 1.08 mg/dL, Tertile 2: 3.25 + 1.06 mg/dL, Tertile 3: 6.65 + 1.06 mg/dL, F 2,163 ¼ 3.22, P ¼ 0.04). No such effect was observed following saline infusion (Tertile 1: 21.2 + 1.58 mg/dl; Tertile 2: 25.0 + 1.57 mg/dl; Tertile 3: 22.9 + 1.56 mg/dl, NS). However, inspection of the data indicated that the relationship between cortisol and social status might be strongest at the extremes. For this reason, a second analysis was conducted, using a modified, three-part distribution: (i) 'most dominant', containing only the highest ranking animals (average ranks 1-1.5, n ¼ 12); (ii) 'most subordinate' containing only the lowest ranking animals (average ranks 4.5-6.0, n ¼ 19); and (iii) 'intermediate', containing the remaining individuals (average ranks 1.5-4.5, n ¼ 55). These ranks correlated with the baseline ranks at r ¼ 0.74. There were two primary outcomes using this more extreme distribution: (i) subordinates had elevated cortisol concentrations relative to dominants in both the saline and dexamethasone conditions, Figure 2 Mean + SE and peak + SE serum progesterone concentrations in female cynomolgus monkeys exhibit a significant effect for linear trend across tertiles of social status using the combined estimate for the Baseline (n ¼ 55) and Treatment phases (n ¼ 93): mean progesterone + SE (F 2,88 ¼ 3.47, P , 0.04); peak progesterone + SE (F 2,88 ¼ 3.37, P , 0.04). Table VI shows WBBMC and spinal BMD measured across time. It can be seen that all animals experienced a significant increase in WBBMC and spinal BMD despite having completed long bone growth (as determined by epiphyseal closure measured pre-experimentally). The table also shows that dietary treatment had no significant impact on these measures. However, as shown in Fig. 5 , high-ranking monkeys had significantly greater WBBMC and spinal BMD than did their lower ranking counterparts. These effects were consistent across the study as indicated by the absence of a significant Status X Time interaction (WBBMC: F4,93 ¼ 0.93, P ¼ 0.45; Spinal BMD: F4,93 ¼ 0.99, P ¼ 0.42). The Status effect on WBBMC was unaffected by adjustment for body weight or BMI. As indicated in Fig. 5 , adjustment for body weight (but not BMI) somewhat reduced the significance of difference in spinal BMD; however, the pattern of difference among the tertiles was unchanged as demonstrated by the significant differences between the highest and lowest tertiles (t 93 ¼ 2.08, P ¼ 0.04, with body weight as covariate).
Bone indices
Discussion
This is the most comprehensive experimental study to date assessing the effects of social status on reproductive function and related health indices in a premenopausal monkey model of women's health. Additionally, the study simultaneously considered the relative impact of soy protein and isoflavones-widely used by women as health supplements-on the same outcome measures. The results demonstrate that the social status gradient affected both menstrual cyclicity (average length, variability, maximum length) and ovarian hormones (E 2 and progesterone) significantly, with subordinate individuals having longer and more variable cycles and lower serum E 2 and luteal progesterone concentrations than dominant monkeys. Because amenorrhea was virtually non-existent, the ovarian impairment observed here could be considered 'subclinical'. The effects relating status to menstrual cyclicity and progesterone concentrations were seen at Baseline as well as in the Treatment phase of the study (E 2 was measured only during Treatment). Furthermore, subordinate monkeys relative to dominants were characterized by increased cortisol concentrations and a more rapid escape from dexamethasone-an indication of social stress and a condition often observed in women with FHAS (Berga and Yen, 2004) . Subordinates were also characterized by reduced WBBMC and spinal BMD, effects that were present at Baseline and persisted throughout the study. Notably, the data provide initial experimental evidence that consumption of a typical American diet that is also rich in soy protein and isoflavones-either alone or in interaction with social status-does not significantly affect menstrual cyclicity, ovarian hormone profiles, cortisol concentrations or bone indices. These results extend prior observations in two ways: (i) by demonstrating the co-occurrence of social subordination, reproductive impairment and cortisol hyperresponsivity in a pattern analogous to that observed in women experiencing reproductive abnormalities of psychogenic origin; and (ii) by indicating that even modest reproductive impairment may be associated with relative osteopenia and thus potentially pose a previously unrecognized threat to the health of premenopausal women affected by FHAS. Among other results, progesterone concentrations increased and menstrual cycles became somewhat less variable and shorter across time, outcomes that were independent of both social status and diet treatment. These particular changes may have reflected the increasing accommodation of this previously free-living population to the conditions of captivity. Serum isoflavone concentrations confirmed that monkeys consumed their assigned diets, as isoflavones were substantially elevated in SOY animals and only trace amounts were observed in the CL individuals. Behaviorally, animals ranked more dominant or more subordinate on the basis of fight outcomes also displayed significant differences in their patterns of social interaction, with dominants exhibiting more aggression, less submission and more time being groomed than subordinates. Taken together the results indicate that low social status had a consistent negative impact on reproductive and related health indices and that consumption of relatively large amounts of soy protein and isoflavones did not mitigate these effects.
With respect to the dietary manipulation, a recent meta-analysis suggested that neither soy nor isoflavones significantly influenced primary measures of reproductive function in premenopausal women, including E 2 , estrone, progesterone or sex hormone-binding globulin concentrations (Hooper et al., 2009) . Although this meta-analysis indicated that soy and isoflavones are associated with significant declines in FSH or LH and a significant increase in average menstrual cycle length, such effects disappeared when potentially biased studies were removed from the analysis. Hooper et al. (2009) suggested that any effects of soy in premenopausal women are modest and lack clear clinical implications, a conclusion consistent with the observations on monkeys reported here. Our studies are also consistent with those on the effects of soy on reproductive end-points in non-human primates. Hence, soy and isoflavones are not estrogenic in cynomolgus monkeys, even at relatively high doses (Stute et al., 2004; Wood et al., 2006; Cline and Wood, 2009) . Soy isoflavones may dampen estrogen-induced proliferative responses of the breast and endometrium, but the mechanism for such observations remains unknown (Cline and Wood, 2009) .
It is perhaps surprising that the soy diet had such minimal effects on the outcomes reported here. One potentially positive implication of the results is that high-isoflavone soy supplementation is probably neutral with respect to effects on fertility. Moreover, the results do not preclude beneficial effects on other bodily systems. For example, we have reported elsewhere that soy inhibits the development of atherosclerosis and reduces arterial inflammation in monkeys (Walker et al., 2008) . The failure of soy to inhibit the relative osteopenia observed in subordinate individuals may relate to the absence of a soy effect on cortisol responsivity, a factor that may mediate the adverse influence of low social status on bone (see below, and Misra and Klibanski, 2006) .
In contrast to the inconsistent and relatively minor effects of soy or isoflavones on reproductive phenomena in premenopausal women, it is suggested that psychological stress contributes prominently to reproductive abnormalities such as FHAS (Berga, 1996; Williams et al., 2007) . The current study demonstrates that one such factor-low social status-adversely affects menstrual cycle characteristics and ovarian hormones in macaque monkeys, which have long been used to model the reproductive biology of women. Such clear associations relating behavioral factors to reproductive impairment are often difficult to establish in women because metabolic (exercise, dieting) and psychogenic (stress) insults frequently co-occur (De Souza et al., 2003; Loucks and Thuma, 2003) . Moreover, experimental studies evaluating the effect of psychosocial stress are generally precluded in women by ethical and logistical concerns. However, one investigation in premenopausal women focusing specifically on social status demonstrated that the risk for cycle irregularity increased monotonically with increasing submissiveness (Newton and Philhower, 2003) . In our study, increased cycle irregularity was similarly associated with increasing degrees of submissiveness across tertiles. Among female monkeys, subordinate individuals are notable for the lack of control they exert over their environment in terms of access to space and preferred social partners, and the ability to maintain a daily routine unfettered by harassment from individuals more dominant to them (Silk, 2002; Kaplan and Manuck, 2004; Kaplan and Manuck, 2008) . It has been suggested that women with FHAS are also characterized, at least in part, by a similar lack of control over their circumstances, conceptually linking their situation to that encountered by subordinate female monkeys .
The primary reproductive impairment that is induced by psychogenic or metabolic insults is hypothalamic in origin, involving alterations in the activity of the GnRH 'pulse generator' and subsequent attenuation of LH release, in both amount and pulse frequency. However, women with FHAS and their normal controls are also often differentiated by a more global hormonal dysregulation (Ripley and Papanicolaou, 1942; Reifenstein, 1946; Berga et al., 1989; Berga, 1996; Berga and Yen, 2004) . Among such alterations, HPA activation is often accorded a primary role in disruption of the GnRH pulse generator (Chrousos et al., 1998; Breen and Karsch, 2006; Michopoulos et al., 2009) . In this regard, our observation that low-ranking monkeys were relatively hypercortisolemic in comparison to high-ranking monkeys (as indicated both by a more rapid escape from dexamethasone suppression and, at the extremes of rank, by higher average cortisol concentrations) suggests that subordinate monkeys were stressed by their social environment. Such HPA activation could have mediated the adverse changes in menstrual cyclicity and ovarian hormones exhibited by subordinate monkeys, thus possibly representing a further parallel between subordinate monkeys and women with FHAS.
Our observation that low social status is also associated reliably with reduced WBBMC and spinal BMD suggests that impaired bone health may represent a further consequence of even relatively modest stress-induced ovarian dysfunction. Importantly, a recent study demonstrated that women with functional hypothalamic amenorrhea (a form of FHAS characterized by complete cessation of menses) have lower bone density than normal controls and are characterized by hypercortisolemia (Lawson et al., 2009) ; it was hypothesized that activation of the HPA system mediated the loss of bone in these reproductively compromised women, a suggestion supported by several other studies in women (e.g. Misra and Klibanski, 2006) . If so, it is possible that an adverse effect on bone might also extend to women with FHAS who are not amenorrheic, yet nonetheless have impaired ovarian function and have elevated cortisol concentrations: characteristics which resemble those of the monkeys described here.
Admittedly, there are limitations in the current study. First, the genetic and developmental determinants of individual differences in social status could not be investigated. Monkeys were moved directly from the single cage housing characteristic of quarantine to their permanent social groups. As we and others have suggested, the ranks established by monkeys under such conditions likely reflect a variety of factors, including their own behavioral states and traits and those of the other monkeys placed in the same group (Kaplan et al., 2002b) . However, the initial randomization ensuring equivalence of physiological responses and body size across social group also likely mitigated at least some potential stratification of genetic and developmental origin. Another limitation was that the number of reproductive measures used as outcome variables was small and did not include gonadotrophins or pretreatment E 2 levels. It is possible that exposure to the soy diet could have had important (though subtle) effects, especially on gonadotrophins. However, soy appears to have only a modest influence on reproductive function in women, with no significant impact on the primary ovarian hormones (estrone, E 2 , progesterone; Hooper et al., 2009) . Moreover, we previously reported in this cohort that the soy manipulation had no significant effects on proliferation of epithelial area in the breast, an outcome that should have been sensitive to any hormonal influences of soy (Wood et al., 2006) . We also note that monkeys assigned to the SOY condition were exposed to the human equivalent of 140 mg isoflavones/day, a higher dose than used in most human studies. Another limitation of this study was that progesterone data were obtained from only a subset of the animals during the Baseline period. Nonetheless, even accounting for the missing values during baseline, it is clear that the social status differences were present soon after the animals were placed in their social groups and were consistent across the investigation. Moreover, the same pattern of results (the absence of a significant effect of diet, the presence of a substantial effect of status) was obtained with respect to the menstrual cyclicity data, which were derived from the complete cohort during the Baseline as well as Treatment phase. Finally, we note that although social behavior, E 2 and cortisol were not measured at baseline, the randomized design and the consistency of other outcomes provide some assurance that findings reported here are robust.
We have previously shown in this model that subordinate females exhibit a precocious acceleration of coronary artery atherosclerosis (Kaplan et al., 1995 (Kaplan et al., , 2002a Kaplan and Manuck, 2004) . The current study extends earlier observations by linking ovarian dysfunction, elevations in cortisol, and relative osteopenia to subordinate social status in a large, longitudinally studied cohort, providing additional evidence that the effects of mild ovarian impairment may extend beyond fertility to include an increased risk for chronic disease. The study further demonstrates that monkeys habitually consuming a typical American diet are relatively insensitive to the reproductive effects of high doses of soy isoflavones. This outcome also may extend to women in Western societies who, as in the experimental conditions described here, are not usually exposed to large amounts of isoflavone supplements until adulthood. In contrast to the absence of data linking soy and isoflavones significantly to reproductive changes, our data confirm that behavioral factors-such as social status-readily perturb menstrual cyclicity, ovarian hormones and the HPA axis in this commonly studied Old World primate. Such perturbations resemble the FHAS of women in etiology and presentation, suggesting that socially housed monkeys might be used to elucidate the mechanisms underlying reproductive impairment of psychogenic origin and to explore further the potential health sequelae of this phenomenon.
